Gamma-ray burst astronomy has undergone a revolution in the last three years, spurred by the discovery of fading long-wavelength counterparts. We now know that at least the long duration GRBs lie at cosmological distances with estimated electromagnetic energy release of 1051 i053 erg, making these the brightest explosions in the Universe. In this article we review the current observational state of the long-lived "afterglow" emission that accompanies GRBs at X-ray, optical, and radio afterglow wavelengths. We then discuss the insights these observations have given to the progenitor population, the energetics of the GRB events, and the physics of the afterglow emission. We focus particular attention on the evidence linking GRBs to the explosion of massive stars. Throughout, we identify remaining puzzles and uncertainties, and emphasize promising observational tools for addressing them. The imminent launch of HETE-2, the increasingly sophisticated and coordinated ground-based and space-based observations, and the increasing availability of 1O-m class optical telescopes have primed this field for fantastic growth.
INTRODUCTION
Gamma-ray bursts (GRBs) have mystified and fascinated astronomers since their discovery. Their brilliance and their short time variability clearly suggest a compact object (black hole or neutron star) origin. Three decades of high-energy observations, culminating in the definitive measurements of CGRO/BATSE, determined the spatial distribution to be isotropic yet inhomogeneous, suggestive of an extragalactic population (see Fishman and Meegan' for a review of the situation prior to the launch of the BeppoSAX mission). Further progress had to await the availability of GRB positions adequate for identification of counterparts at other wavelengths.
In the cosmological scenario, GRBs would have energy releases comparable to that of supernovae (SNe) . Based on this analogy, Paczyñski & Rhoads2 and Katz3 predicted that the gamma-ray burst would be followed by long-lived but fading emission. These papers motivated systematic searches for radio afterglow, including our effort at the VLA. 4 The broad-band nature of this "afterglow" and its detectability was underscored in later work.5 '6 Ultimately, the detection of the predicted afterglow had to await localizations provided by the Italian-Dutch satellite, BeppoSAX.7 The BeppoSAX Wide Field Camera (WFC) observes about 3% of the sky, triggering on the low-energy (2 -30 keV) portion of the GRB spectrum, localizing events to 5 -10 arcminutes. X-ray afterglow was first discovered by BeppoSAX in GRB 970228, after the satellite was re-oriented (within about 8 hours) to study the error circle of a WFC detection with the 2 -10 keV X-ray concentrators. The detection of fading X-ray emission, combined with the high sensitivity and the ability of the concentrators to refine the position to the arcminute level, led to the subsequent discovery of long-lived emission at lower frequencies8'° (e.g. Figure 1 ).
Optical spectroscopy of the afterglow of GRB 970508 carried out at the Keck Observatory led to the definitive demonstration of the extragalactic nature of this GRB. ' 1 The precise positions provided by radio and/or optical afterglow observations have allowed for the identification of host galaxies, found in almost every case. Not only has this provided further redshift determinations, but it has been useful in tying GRBs to star formation through measurements of the host star formation rate (e.g.'2"3). HST with its exquisite resolution has been critical in localizing GRBs within their host galaxies and thereby shed light on their progenitors (e.g. '4'6) . Observations of the radio afterglow have directly established the relativistic nature of the GRB explosions'0 and provided evidence linking GRBs to dusty star-forming regions. Radio observations are excellent probes of the circumburst medium and the current evidence suggests that the progenitors are massive stars with copious stellar winds. The latest twist is an apparent connection of GRBs with SNe.'7 Separately, an important development is the possible association of a GRB with a nearby (40 Mpc) These are typical afterglow. The radio shows a rise to maximum, followed by a power law decay. One expects a similar lzghtcurve at optical and X-ray bands except that the peak finx is achieved on very short timescales, tens of seconds to tens of minutes. However, most optical observations are conducted on longer timescales and only the power law decay is seen. The flattening of the optical emission seen in the afterglow of GRB 980703 is due to the contribution from the underlying host galaxy. The host galaxy of GRB 970508 is considerabley fainter and the flattening is less obvious.
In this paper we review the primary advances resulting from afterglow studies. In the previous review20 we emphasized the observations of radio afterglow. Here the emphasis is on optical afterglow. In §2 we review constraints on the nature of the progenitor population(s) in particular evidence linking some classes of GRBs to SNe. §3 describes the status of current understanding of the physics of the afterglow emission. Here we compare observations to predictions of the basic spherically-symmetric model, and describe complications arising from deviations from spherical symmetry and non-uniform distribution of the circumburst medium.
THE NATURE OF THE PROGENITORS
In almost all cases, a host galaxy has been identified at the location of the fading afterglow (see Figs. 2 and 5). GRB redshifts can be obtained either via absorption spectroscopy (when the transient is bright) or by emission spectroscopy of the host galaxy ( Figure 4 ) . In Figure 3 and Table 1 we summarize the measured redshifts and host galaxy magnitudes. While the distance scale debate is settled (at least for the class of long duration GRBs, see below) it is difficult to overstress the importance of continued redshift determination. Not only do redshifts afford a robust determination of the energetics (Figure 3) , a redshift to a GRB also sets a physical scale to observed angular offsets as well as allows a determination of the nature of the host galaxy (size, star-formation, etc.).
Despite the advances, we remain relatively ignorant of the nature of the central engine. Currently popular GRB models fall into two categories: (i) the coalescence of compact objects (neutron stars, black holes and white dwarfs2427) and (ii) the collapse of the central iron core of a massive star to a spinning black hole, a "collapsar" 28 We now summarize the light shed on the progenitor problem by afterglow studies.
The Location of GRBs Within Hosts. A fundamental insight into the nature of SNe came from their location with respect to other objects within the host galaxy (specifically HIT regions and spiral arms) and the morphology of the host galaxy itself (elliptical versus spiral) . In a similar manner, we are now making progress in understanding GRH )rogenitors by Imleasuring offsets with respect to oilier objects in the host galaxies. rhe rather good (Oiicidcii(e of GBBs with host galaxies already suggests that. t 0ev are unlikely to be a halo population (as would be expected in the coalescence scenario29). On the other hand, with the possible exception of GR.B 970508.30 they are clearly i lot associat ed with galactic nuclei (i.e. Iilassive cclii ml black holes) . Typical offset s of G RBs fis (iii I lie ('cut moi I of their host galaxies are comparable to tile half-light radii of field galaxies at coniparable imiagiiitudes. sliggestiIig that G RB s or igina I.e from Stellar p op 01111 i( illS Host Galaxies. Denionstrat iiig a direct link between GRBs and lliassive) star formation is niore difliculi . In hioth popular progenitor niodels. the i'ate of GRBs is expected to closely follow the stiii' lorination rate (If Uuiverc and so we expect that that all GRBs should be associated with star forming galaxies (e.g. irregulars, late-type). The discovery of a GRB associated with an early-type without significant star formation would be difficult to accommodate. On the whole, the population of identified hosts seems typical in comparison to irregular and latetype field galaxies in the same redshift and magnitude range (see Fig. 5 and table 1). The hosts have average luminosities for field galaxies, modulo corrections due to evolution. Their emission line fluxes and equivalent widths are also statistically indistinguishable from the normal field galaxy population. The observed star formation rates, derived from recombination line fluxes (mostly the from the [0 II] 3727 Aand UV continuum flux) are M® yr1 to several tens of M® yr1 -typical of normal galaxies at comparable redshifts (extinction corrections can increase these numbers by a factor of a few, but similar corrections apply to the comparison field galaxy population as well). It will probably be necessary to have a sample of several tens of GRB hosts before a correlation of GRBs with the (massive) star formation rate can be tested statistically. However, below we point to several specific examples which are suggestive of a link between GRBs and star-forming regions.
Association with Star-forming Regions. There is evidence showing that GRBs arise from dusty regions within their host galaxies. In this respect, radio observations provide a unique tool for detecting events in regions of high ambient density (as was the case for GRB 980329). An even more extreme example is GRB 970828, where the host was identified based solely on the VLA discovery of a radio flare.22 Interestingly enough, this is the dustiest galaxy in the sample of GRB hosts to-date.
Second, some GRBs appear to be located within identifiable star-forming regions. An example is GRB 990123 in Figure 216 ,3215 VLA observations of GRB 980703 are perhaps more convincing. The radio observations can be sensibly interpreted by appealing to free-free absorption from a foreground HIT region (which would dwarf the Orion complex). If this interpretation is correct then this would be strong evidence for a GRB being located within a starburst region.
The GRB-SN link. If GRBs arise from the collapse of a massive star, it is an unavoidable consequence that emission from the underlying supernova should be superimposed on the afterglow. Bloom et al. ' 7 may have made the first detection of a possible SN component in the GRB 980326 lightcurve ( Figure 6 ). These authors noted that SNe, in contrast to aftergiows, have distinctive temporal and spectral signatures: rising to a maximum at 20(1 + z) days, with little emission blueward of about 4000 A in the restframe (and certainly blueward of 3000 A) owing to a multitude of resonance absorption lines. This discovery has led to other possible SN detections, most notably GRB 970228.
Redshift (z)
The suggestion of a GRB-SN connection is an intriguing one but it has yet to be placed on a firm footing. Important questions are: (i) are all long-duration GRBs accompanied by SNe? (ii) so, are these SNe of type Tb/c? Ground-based observations are possible in those cases where the afterglow decays rapidly (e.g. GRB 980326) or if high quality optical and TR observations exist (e.g. GRB 970228).
We need more examples to test the GRB-SN link. Future progress will depend on a combination of ground and HST observations. For relatively nearby GRBs especially those with a rapidly decaying optical afterglow it would be attractive and feasible to obtain the spectrum of the SN around the time when the flux from the SN peaks. A moderate quality spectrum with SN-like features would have the singular advantage of definitively confirming the SN interpretation (as opposed to alternatives involving re-radiation by dust36). However, for most GRBs, we expect HST observations to play a critical role. HST's widely recognized strengths in accurate photometry of sources embedded in galaxies37 and photometric stability make the detection of a faint SN against the optical afterglow and the host galaxy possible.
Diversity of the Progenitor Population. As was the case with SNe, it is likely naive to think of a single progenitor population. Below, we discuss the two additional classes which show some promise: the mysterious short duration GRBs and a possible class of low luminosity GRBs associated with SNe.
Short Events. It has been known for some time that the distribution of the duration of GRBs appears to be bimodal.' Furthermore, these two groups may have different spatial distributions,38 with the short bursts being detected out to smaller limiting redshifts. However, we know very little about this class of GRBs since, as noted earlier, all bursts localized by BeppoSAX and RXTE thus far are of long duration. Fortunately, improvements in BeppoSAX and the imminent launch of HETE-2 provide for the first time the opportunity to follow-up short GRBs. t'or this reason. our (hSCtisSioIl here is iiecessarilv brief. Figure 6 . R-band light curve of GRB 980326 (top) and the sum of an initial power-law decay plus Ic supernova light curve for redshifts rangzng from z = 0.50 to z = 1.60; from reference.17 Similarly, the light-curve of the OT of GRB 970228 (bottom).
AFTERGLOW: THE PHYSICS AND ENERGETICS OF THE FIREBALL
With this burst the redshift is known (z = 0.695) and the degeneracy between peak supernova brightness and distance is resolved.
The fit to a SN + OT model fits remarkably well34: other than the early-time decay, there are no free parameters.
GRB is primarily in ejecta mass: 1-lU M® for SNe whereas only iO M0 for GRBs. The evolution of a GRB is much faster than that of a SN due to two factors: the ejecta expand relativisticaly and, thanks to the smaller ejecta mass, the optical depth is considerably smaller. As the ejecta encounter ambient gas, two shocks are produced: a short-lived reverse shock (traveling through the ejecta) and a long-lived forward shock (propagating into the swept-up ambient gas). Afterglow emission is identified with emission from the forward shock. In order to obtain significant afterglow emission, several conditions are neces- The theoretically expected afterglow spectrum is shown in Figure 7 . Three key frequencies can be identified: Va, the synchrotron self-absorption frequency; 1'm the frequency of the electron with a minimum Lorentz factor (corresponding to the thermal energy behind the shock) and v , the cooling frequency. Electrons which radiate above v cool on timescales equal to the age of the shock. The evolution of these three frequencies is determined by the hydrodynamical evolution of the shock which in turn is affected by two principal factors: the environment of the GRB and the geometry of the explosion. For an observer at a fixed frequency, it is the temporal evolution of Va, Vm and v that determines the character of the light curve (e.g. Figure 1 ). The GRB environment. The earliest afterglow models made the simplifying assumption of expansion into a constant density medium. This is an appropriate assumption should the GRB progenitor explode into a typical location of the host galaxy. However, there is increasing evidence tying GRBs to massive stars (see §2) . It is well known that massive stars lose matter throughout their lifetime and thus one expects the circumburst medium to exhibit a density profile, p oc r2 where r is the distance from the progenitor. Chevalier & Li42 refer to these two models as the ISM ( interstellar medium) and the wind model respectively. As can be seen from Figure 7 these two models give rise to rather different evolution of the three critical frequencies.
Geometry: Jets versus Spheres. The hydrodynamics is also affected by the geometry of the explosion. Many powerful astrophysical sources have jet-like structure. There is evidence (from polarization observations) indicating asymmetric expansion in SNe,43 so it is only reasonable to assume that GRB aftergiows also have jet-like geometry as well. A clear determination of the geometry is essential in order to infer the true energy of the explosion. This is especially important for energetic bursts such as GRB 990123 whose isotropic energy release approaches M®c2.
Let the opening angle of the jet be 8o . As long as the bulk Lorentz factor, F, is larger than 9' ,the evolution of the jet is exactly the same as that of a sphere (for an observer situated on the jet axis) . However, once I' falls below O1 then two effects become important. First, for a well defined jet, the on-axis observer sees an edge and thus one expects to see a break in the afterglow emission. Second, the lateral expansion of the jet (due to heated and shocked particles) will start affecting the hydrodynamical explosion.
Wind or ISM? The two key diagnostics to distinguish these two models are the evolution of the cooling frequency (see Figure 7 ) and the early behavior of the radio emission. In the wind model, the radio emission rises rapidly (relative to the ISM model) and the synchrotron self-absorption frequency falls rapidly with time. Both these result from the fact that the ambient density decreases with radius (and hence in time) in the wind model.
Unfortunately, in general, the current data are not of sufficient quality to firmly distinguish the two models. For example in GRB 980519, the same optical and X-ray data appear to be adequately explained by the jet+ISM model44 and the sphere+wind model.42 Including the radio data tips the balance, but only slightly, in favor of the wind model. 45 In our opinion, the best example for the wind model is that of GRB 98032946; see Figure 8 . This afterglow exhibits the two unique signatures of the wind model: high a and a rapid rise. Given the importance of making the distinction between the wind and the ISM model we urge early wide band radio observations (especially at high frequencies). Energetics. Of all the physical parameters of the fireball, the most eagerly sought parameter is the total energy E0. By analogy with supernovae, it is E0 which sets the GRB phenomenon apart from other astrophysical phenomena. Classes of GRBs may eventually be distinguished and ranked by their energy budget; for example, long-duration events, short duration events and supernova-GRBs (see §2).
One approach has been to use the isotropic 7-ray energy as a measure of E0 see Figure 3 . There are three well known problems with such estimates. First, collimation of the ejecta (jets) will result in overestimation of the total energy release. For GRB 990510 where a good case for a jet has been established (Figure 8 ), the standard isotropic energy estimate is probably a factor of 300 more than the true energy.47 Second, even after accounting for a possible jet geometry, the efficiency of converting the shock energy into gamma-ray emission is very uncertain. For example, some authors48 advocate low efficiency ( 1%) which would result in an enormous upward correction to the usual isotropic estimates. Third, the bulk Lorentz factor is extremely high during the emission of 7-rays and thus the estimates critically depend on assumption of the geometry and granularity49 of the emitting region. In particular, if the emission is from small blobs49 then the inferred estimates are grossly in error.
In contrast to this highly uncertain situation, aftergiows offer (in principle) more robust methods to evaluate E0 . In view of the importance of determining E0 we summarize the different methods of determining P20 from afterglow observations. One approach is to fit a "snapshot" broad-band afterglow spectrum (from radio to X-rays) to an afterglow model; this approach was pioneered by Wijers & Galama.5° The strength of this method is that the estimated E0 is, in principle, robust. Specifically, the estimate does not depend on the usually unknown environmental factors (run of density) . However, in practice, this method is very sensitive to the values of the critical frequencies ( Figure 7 ) which are usually not well determined. This difficulty explains the wildly differing estimates of E0 for GRB 970508.50,51 Furthermore, this method uses measurements obtained at early times (when the afterglow at high frequencies is bright) with the result that the true source geometry is hidden by relativistic beaming. A second approach is to model the light curves of the afterglow in a given band, specifically a radio band. The advantages of this method are the photometric stability of radio interferometers and the low Lorentz factor at the epoch of the peak of the radio emission. The disadvantages are two-fold: the sensitivity to the environmental parameters (density) and the assumption of the constancy of the microphysics parameters (electron and magnetic field equipartition factors). Application of this approach to GRB 980703 has resulted in seemingly accurate measures of the fireball parameters. 33 Freedman & Waxman52 take yet another approach, and estimate the energy release from late time X-ray observations. They show that the X-ray flux is insensitive to the GRB environment, and obtain robust estimates of the fireball energy per unit solid angle: from 3 x iO' erg to 3 x iO erg.
With all the above approaches, however, the possible collimation of the ejecta in jets is still a major uncertainty. This can be addressed by observing the evolution of the afterglow as the "edge" of the jet becomes visible. In most cases no evidence for jets has been seen, with the notable exceptions of GRB 990510 and possibly GRB 990123. In addition, a variety of statistical arguments (the absence of copious numbers of "orphan afterglows" )53_55 suggests that, on average, the collimation cannot be extreme, and that for most bursts the opening angle is not less than 0.1 radian. Thus the total energy for most bursts may be reduced to the range of 1050 erg to 3 x 1051 erg, but could easily be much higher in at least some cases.
Possibly the best approach to determining the energetics, which minimizes uncertainties due both to collimation (jets) and to the environment is to model the afterglow after it becomes non-relativistic. This method builds on the well established minimum energy formulation and the self-similarity of the Sedov solution. Not only are the ejecta truly non-relativistic, but they are also essentially spherical, as by this time jets will have had sufficient time to have undergone significant lateral expansion. Indeed, we can justifiably call this "fireball calorimetry" 56 Applying this technique to the long-lived afterglow of GRB 970508 (Figure 1 ) led to the surprising result that P20 '5 x i050 ergweaker than a standard SN! This is an astonishing result. If true, this result would suggest that it is not E0 which is the prime distinction between GRBs and SNe but the ejecta mass. However, Chevalier & Li57 interpret the same data in the wind framework and derive much larger E0. Clearly, we need more well studied aftergiows with sufficient observations to first distinguish the circumburst environment (wind versus ISM) and then radio observations over a sufficiently long baseline to undertake calorimetry. Nonetheless, one should bear in mind that the current evidence for large energy release in GRBs is not as strong as is usually assumed.
THE FUTURE
It is generally accepted that GRB astronomy is an emerging and vibrant area of research in astronomy. We end this review with a brief discussion of potential progress and promise of this field.
The best way to foretell the future is to look for analogous situations in the past. In 2 we already discussed the parallels between the SN field and the GRB field. Here we discuss the numerous parallels with quasar astronomy. First discovered at radio wavelengths, we now study quasars across the electromagnetic spectrum. Although still identified by their gamma-ray properties, we now recognize the tremendous value of pan-chromatic GRB and afterglow studies. In both cases, there was considerable controversy about the distance scale. However, once this issue was settled, it became clear that quasars are the most energetic objects (sustained power) whereas GRBs are the most brilliant. For both, the ultimate energy appears to be related to black holes (albeit of different masses).
The raging issues in GRB astronomy today are the same that fueled quasar studies in the 1960's: the spatial distribution, the extraction of energy from the central engine, the transfer of energy from stellar scales to parsec scales, and the geometry of the relativistic outflow (sphere or jet) . Astronomers took decades to unify the seemingly diverse types of quasars, and to conclude that there are two types of central engines: radio loud and radio quiet.
Likewise, there may well be two types of GRB engines: rapidly and slowly spinning black holes emerging respectively from collapse of a rotating core of a massive star or coalescence of compact objects and the collapse of a massive star. This picture could potentially explain both the cosmologically located GRBs and SN 1998bw.
The promises of this field are three-fold. First is the potential connection of GRBs with spinning black holes (discussed above). GRBs may well be nature's laboratary for Strong Gravity. Second, is the potential application of GRBs to study 1GM. One expects a roll-off in quasars at redshifts around 5 or so simply because it does take some time to assemble a massive blackhole. In contrast, if GRBs come from massive stars then one can expect GRBs within tens of millions years of the birth of the first stars. Thus the expectation is that the 1GM in the redshift range beyond 5 or so can be probed by GRBs. One can envisage a coordinated approach in the future: a GRB sentinel satellite in the sky hooked up to a 5-m telescope, ready to swing into action within tens of seconds of the detection of a GRB! Finally, the SN-GRB connection is a fundamental step in stellar evolution and with that perhaps we would have completed our understanding of the death of stars of all masses.
